In this paper, a simple Digital Signal Processor (DSP) based Maximum Power Pointer Tracking (MPPT) control and Inverter Control is presented for solar energy applications, especially photovoltaic and wind energy systems. The proposed MPPT controlled boost converter is able to reduce the inrush current and the overshoot of the output voltage of the system. Details of the proposed Maltab-Simulink based MPPT and Inverter Control are shown and implemented using a DSP. The proposed system is analyzed and simulated for verification. To validate the system, a 100 W prototype test-bed is built and tested. The results show that the proposed system can be applicable for solar energy applications.
In order to achieve the maximum power point (MPP) of photovoltaics, MPPT algorithms are normally used. One of MPPT algorithms, Incremental Conductance (INC) algorithm mainly relies on the tangential value of the photovoltaic (PV) operation point to predict the right direction of MPP. Fixed step-size INC algorithm [13] is focused on stability and effectiveness of the algorithm due to the fact that adaptive step-size could adversely affect the MPPT controller under certain circumstances with noise and con- proposed MPPT algorithm could be easily implemented in either solar or wind systems [12] and even could prevent from the inrush current and minimize the overshoot of the boost converter. In the inverter control, a simple Matlab/Simulink based DSP implementation method is proposed. The overall system is described in Section 2. In Section 3, DSP implementation of MPPT and inverter control is explained. Section 4, the conclusion is addressed.
Overall System
Based on objectives of photovoltaic systems, photovoltaic systems can be generally classified into stand-alone and grid-connected photovoltaic systems. Stand-alone photovoltaic systems are designed to supply local electric load, and generally consist of energy storage devices for meeting excessive electricity demands. Grid-connected photovoltaic systems are designed to deliver photovoltaic power to electric grids. In this section, a brief introduction of stand-alone photovoltaic systems is described because our research is focused on the stand-alone photovoltaic system.
The fundamental topology of a stand-alone photovoltaic system is shown in Figure   1 . Prior to addressing the MPPT algorithm, the overall hardware set up is described in this section. In the hardware setup, a conventional boost power converter is built for solar applications as seen in Figure 2 . First, the DC voltage from a photovoltaic panel is stepped up using a boost converter. A Maximum Power Point Tracking (MPPT) algorithm based on Perturb and Observe method can control the duty cycle of the boost converter to ensure the maximum possible power drawn from the panel. The purpose of the boost converter in this system is to take the input voltage from the photovoltaic panels and boost it to a voltage being high enough for the inverter to convert the DC voltage to 120 volt AC (rms), for a conventional utility power supply. In order to build a 100W small prototype system as seen in Figure 3 large spike in current as the boost converter turns on. This is because of the large value of the output capacitance. If the boost converter was turned on slowly by using software implemented soft start that slowly incremented the duty cycle on turn on, these spikes can be avoided.
DSP Implementation of Maximum Power Pointer
Tracking and Inverter Control
MPPT (Maximum Power Pointer Tracking) Algorithm
Maximum Power Point Tracking (MPPT) controllers are popular in both stand-alone shown in Figure 5 . The fundamental control signal of a photovoltaic system is a Pulse-Width-Modulation (PWM) signal, which can be generated by an analog circuit or by a microcontroller. In a photovoltaic system, the PWM signal causes the system to perform two structures in every switching interval. The widths of switch-on and switch-off intervals determine system dynamics. In other words, by changing the dutyratio of the PWM signal, the DC-DC converter (which is shown in Figure 1 and Figure   6 ) can change the proportion of its input terminal voltage to its output terminal voltage. The equivalent internal impedance of PV cells is able to be perturbed. In consequence, the photovoltaic power can be changeable [11] . Given that ∆P and ∆D can be either positive or negative respectively, there are four cases to determine whether the duty cycle of the gate signal should be increased or decreased as shown in Table 1 is used to determine if the duty cycle will increase or decrease. A sub-process block was made in Simulink to increase, or decrease the duty by 1%. If the input to the block is less than zero the output is −1, if the input to the block is greater than zero the output is +1, and if the input to the block is equal to zero the output is +0.01 for an offset. As shown in Figure 9 , the soft start increases the duty cycle by 5% every 5 sec until 40 sec where the duty cycle is at 30% and is then controlled by the MPPT updated every 1 sec.
Performance of the Conventional P & O MPPT
This section discusses the performance of the conventional P&O algorithm. The conventional P & O algorithm generally exhibits a trade-off between the tracking velocity and MPPT efficiency. This nature can be seen by simulating behaviors of the conventional P & O algorithm with two different perturbation intensities, 0.1 V and 2.0 V. In this simulation, the perturbation frequency is set to 1 Hz. In the following analysis, the term "perturbation intensity" is denoted by "p-i". Figure 10 illustrates that the P & O algorithm with larger perturbation intensity shows a faster tracking velocity, while Figure 11 shows that the algorithm with a weaker perturbation intensity presents a higher MPPT efficiency by comparing both average powers with different perturbation intensity.
Inverter Control
Many photovoltaic systems are designed to supply to AC loads, like motors or pumps. In such case, a DC-AC Inverter is added into the system topology. A DC-AC Inverter can be directly cascaded to a DC-DC converter, or can be connected to the medium energy storage devices, such as ultra-capacitors and batteries. The fundamental components of a grid-connected photovoltaic system involve photovoltaic arrays and a DC-AC inverter. The basic topology is shown in Figure 12 . To convert the standard AC power (120 V/60 Hz), the required voltage level of the input DC power should be greater than 240 V[Volt]. However, to meet this voltage requirement, the size of the input photovoltaics has to be enlarged.
As seen in Figure 1 and Figure 12 , the inverter takes the DC output of the boost converter or the Photovoltaic array directly, and turns it into AC power. The inverter uses a classical H-Bridge topology shown in Figure 13 . The H-bridge is comprised of a voltage source (V d ) and four power switches. A purely resistive load (Rload) is also shown in Figure 13 , but in the test LC filter is connected before Rload. To produce AC An important ratio called the modulation index (m i ) can be described as:
Also, the modulation ratio (m f ) can be defined as:
An important feature of SPWM is that it allows for the control of the output frequency and the control of the out-put voltage amplitude. The output frequency and output amplitude are governed by the following equations:
These Equations (1) - (4) would be set to Amplitude and Bias to 50 and use a gain block at the output of the sine block. In this case the gain would directly correspond to the modulation index. Table 2 shows the operating parameters of the inverter for the experimental set up.
The frequency of the reference sinusoid can be set by entering the desired frequency (in radians/sec) into the Frequency parameter. The Sample time field dictates the frequency of the carrier, f carrier . Figure 17 shows the connection diagram between the DSP PWM outputs and the individual IGBTs. Note that the gate drives have not been shown in Figure 17 . To test the small-scale operation of the solar inverter system a DC power supply was connected to the boost converter to mimic the DC output of a solar panel.
The output waveform of the filter was then recorded with an oscilloscope, as shown in Figure 18 . Fast Fourier Transform (FFT) analysis was performed on the signal to check the output frequency. Figure 18 shows a sinusoidal output of the LC filter in the upper 
Conclusion
In this paper, a simple DSP implementation for a soft start based Perturb & Observa- The results show that it could successfully reduce the inrush current and the overshoot of the output voltage in the system by changing the duty cycle gradually under consideration of the MPPT algorithm, and its inverter control is also successfully implemented in terms of reducing harmonic distortion.
